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Edited by Christian GriesingerAbstract The three-dimensional structures of the a-sarcin ribo-
toxin and its D(7–22) deletion mutant, both complexed with a 20-
mer oligonucleotide mimicking the sarcin/ricin loop (SRL) of the
ribosome, have been docked into the structure of the Halobacte-
rium marismortui ribosome by ﬁtting the nucleotide atomic
coordinates into those of the ribosomal SRL. This study has
revealed that two regions of the ribotoxin, residues 11–16 and
84–85, contact the ribosomal proteins L14 (residues 99–105)
and L6 (residues 88–92), respectively. The ﬁrst of these two ribo-
toxin regions appears to be crucial for its speciﬁc ribosome
recognition.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Although ribosomes are diﬀerent in terms of their compo-
nents among the three phylogenetic domains, Archea, Bacteria,
and Eukarya, several functional regions are always conserved
because they are essential to preserve the protein biosynthesis
machinery [1,2]. One of them is the sarcin/ricin loop (SRL)
[3,4] located in the larger rRNA molecule. This region is of
particular interest due to its crucial role in elongation related
events of both prokaryotic and eukaryotic ribosomes. It shows
a structure composed of a stem and a loop containing two fre-
quently found RNA motifs, a bulged G and a tetraloop [5–8]
and it contains the longest known conserved ribosomal se-
quence (A2654–A2665 in Escherichia coli 23S RNA or
A4318 to A4329 in rat 28S RNA). This SRL, altogether with
the L11-binding region, the L7/L12 stalk, and the ribosomal
proteins L6 and L14, constitute an elongation factor binding
site required for proper function of the ribosome [9–11]. Both
the SRL and the L11-binding domain sequences are univer-
sally conserved, in good agreement with their essential role
[1]. Mutations aﬀecting the sequence contained in the SRL re-
sult in defective binding of elongation factors and aminoacyl-
tRNA as well as a decrease in translational ﬁdelity [12]. SomeAbbreviations: RIP, ribosome-inactivating proteins; SRL, sarcin/ricin
loop
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doi:10.1016/j.febslet.2005.11.027of these mutations are even lethal, reinforcing the importance
of this region on the translational machinery [13]. Recent stud-
ies focussed on the dynamics and kinetics of the ribosome,
show a considerable mobility of this region, known as the
GTPase center, and its possible involvement in conformational
changes essential for the correct performance of translation
[14].
The SRL gets its name from two very diﬀerent toxins, a-sar-
cin and ricin, that belong to a group of highly specialized toxic
proteins known as ribosome-inactivating proteins (RIP)
[15,16]. They are produced by plants and fungi and inactivate
ribosomes by acting on this unique rRNA structure
[1,6,7,9,17,18]. RIP can be divided into two very diﬀerent
groups. The ﬁrst one, best represented by ricin, is composed
of N-glycosidases that depurinate a single nucleotide within
the conserved sequence of SRL [16,18,19]. The second group,
the ribotoxins, is made of toxic microbial extracellular ribonu-
cleases [20] and is usually represented by a-sarcin. Their highly
speciﬁc ribonucleolytic action is exerted on a single phosphodi-
ester bond located within the SRL [18,21] that results in the
cleavage of the larger rRNA molecule producing a small frag-
ment of 300–400 nt, known as the a-fragment. Both groups of
toxic proteins inactivate ribosomes leading to inhibition of
protein biosynthesis and cell death by apoptosis [22,23]. It
seems clear now that after their action the SRL and the ribo-
somal components in its vicinity become more rigid, impairing
the conformational changes needed for the essential GTP
hydrolysis exerted by the elongation factors [24]. However,
the structural bases to explain their exquisite action are not
yet completely understood despite having been thoroughly
studied [25–27].
The SRL and the L11-binding domain sequences and struc-
tures are conserved but their spatial orientation in the three-
dimensional space of the ribosome changes, not only among
the diﬀerent phyla [1,2,28] but also during the diﬀerent steps
of the peptide bond formation [29]. These diﬀerences may ex-
plain why RIP display diﬀerent aﬃnities among them when as-
sayed against diﬀerent ribosomal substrates [2,17,19,21,25].
Ribotoxins are especially interesting proteins because they
preferentially kill virus infected or transformed mammalian
cells, although no protein receptor has been described for
them. The members of this family share a high degree of se-
quence identity and a very similar mode of action [20,30]. a-
Sarcin was the ﬁrst one discovered and has been extensively
studied [20,30] including the determination of its three-dimen-
sional structure in solution [31,32] (Fig. 1). It shares the overall
fold with restrictocin, the only other ribotoxin which three-
dimensional structure is known [33]. Small diﬀerences areblished by Elsevier B.V. All rights reserved.
Fig. 1. Three dimensional structures of a-sarcin and its D(7–22)
mutant variant (Protein Data Bank codes 1DE3 and 1R4Y, respec-
tively). Diagrams were generated with the MolMol Program [41] and
subsequently rendered with MegaPov.
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no-terminal b-hairpin, a region of high mobility [34] which is
lacking in the restrictocin crystalline structure [33].
Deletion of the distal part of this b-hairpin in a-sarcin (res-
idues 7–22) resulted in a D(7–22) mutant that had lost the abil-
ity to cleave speciﬁcally the ribosome but was still an active
ribonuclease able to speciﬁcally hydrolyze a SRL-like 35-mer
oligoribonucleotide [35]. Its three-dimensional structure in
solution [36] showed that the folding of wild-type a-sarcin
was preserved, including the spatial conformation of the loops
(Fig. 1). The most signiﬁcant diﬀerences were concentrated in
loop 2, the new orientation of loop 3, and the dynamics of loop
5, where conformational heterogeneity was observed as a con-
sequence of the removal of important interactions with resi-
dues in the native motif [36]. Thus, its structural integrity
and ability to speciﬁcally cleave SRL-like oligos was preserved
but the a-sarcin speciﬁc recognition of the ribosome disap-
peared, suggesting that the b-hairpin was involved in this inter-
action.
Diﬀerent SRL-like oligos have been characterized
[3,4,6,7,37,38]. Their three-dimensional structures are almostidentical to that of the ribosomal SRL. So similar that, when
the crystalline structure of the Halobacterium marismortui
large ribosomal subunit was elucidated [39], the sequence of
the 23S rRNA was ﬁtted into the electron density map, nucle-
otide by nucleotide starting from its SRL sequence. These oli-
gos mimicking the SRL structure are indeed speciﬁcally
recognized and cleaved by the ribotoxins [30,40], although lar-
ger amounts of enzyme need to be employed indicating that
the recognition was not as speciﬁc as with the whole ribosome.
The structural determinants needed for the recognition be-
tween these SRL-like oligos and the ribotoxins seem to be well
established. First, the protein and the RNA interacting regions
were predicted based on docking models and kinetic experi-
ments [31,33]. Then, these predictions were later conﬁrmed
by the determination of the crystal structures of ribotoxin-
inhibitor complexes made with several SRL RNA variants
[26]. According to these results, two distant regions of the a-
sarcin molecule would participate in its speciﬁc interaction
with the SRL. The Lys-rich region of loop 3 would interact
with the negatively charged phosphodiester bond around the
bulged G. The sequence stretch of loop 2, comprising residues
51–55 and some residues from loop 5 would contact the con-
served GAGA tetraloop that contains the sequence cleaved
by the toxin.
In the work herein presented, molecular docking studies
have been performed, and a-sarcin residues and ribosomal
proteins playing an essential role in this recognition process
are proposed.2. Materials and methods
The starting structure was built manually in two steps, using the
MolMol Program [41] to visualize and analyze the construction. First,
a model of the a-sarcin-rRNA complex was made on the basis of the
protein structure (PDB accession number 1DE3, ﬁrst conformer) and
the crystal structure of a 20-mer SRL-RNA substrate analogue from
rat 28S (PDB accession number 430D). To build the model, the scissile
bond in the conserved GAGA sequence was ﬁtted in the active site,
close to the catalytic side-chains. Pivoting on this point, the RNA
structure was rotated and translated to obtain the best ﬁtting between
both surfaces and placing the phosphate group in the position compat-
ible with all the NMR evidences found in the a-sarcin-2 0GMP complex
[34]. The interactions between both components in the model are
essentially the same using an E. coli SRL analogue since there are
not structural diﬀerences within this part of the sequence [7]. In a sec-
ond step, this SRL-a-sarcin complex was ﬁtted in the ribosomal SRL
from the 50S ribosome subunit of H. marismortui (PDB accession
number 1JJ2) minimizing the RMSD values corresponding to the
superposition of the RNA sequence U2690–A2700 that contains the
target hydrolysable bond. For the a-sarcin D(7–22) mutant (PDB
accession number 1R4Y, ﬁrst conformer), the same procedure was em-
ployed by ﬁtting the peptide backbone of the mutant into that of the
complete protein in the SRL-a-sarcin complex.
In order to evaluate the robustness and potential implications of
dynamics on the model proposed, two diﬀerent energy minimizations
were performed on the docked structures taking into account the L6,
L14, and a-sarcin protein system. The ﬁrst one was calculated in vac-
uum according to the GROMOS 96 force ﬁeld, implemented in Swiss-
PDB Viewer, using 1000 minimization steps, the ﬁrst 100 steps by
steepest descent and the 900 left by conjugated gradients. The second
minimization was done in a water environment using the AMBER
96 force ﬁeld, implemented in AMBER 7.0, and the TIP3P model
for the water molecules (25326 molecules). Counterions (17 Na+) were
also included. This second minimization was performed in four consec-
utive steps. Firstly, 1000 steps were done on the side-chains as de-
scribed for the calculation in vacuum, obtaining a ﬁnal energy
gradient value of 2.45 KJ/mol A˚. Then 1000 minimization steps were
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After this, 4.5 ps of molecular dynamics were performed on the whole
system. Finally, this result was optimized with another additional 2000
minimization steps, again the ﬁrst 100 ones by steepest descent and the
1900 left by conjugated gradients. The ﬁnal energy gradient value ob-
tained for the whole system was then of 0.5 KJ/mol A˚.3. Results and discussion
The coordinates of the nucleotides corresponding to the con-
served SRL sequence in an a-sarcin-20-mer SRL-like oligori-
bonucleotide model [31] were ﬁtted into the H. marismortui
ribosomal SRL [39] and these docked structures were energet-
ically minimized (Fig. 2). Identical procedure was followed for
the a-sarcin D(7–22) mutant (Fig. 2). Inspection of these mod-
els suggested two more hitherto unidentiﬁed interactions be-
tween a-sarcin and neighbours. One of them would be
established between a short sequence stretch of the a-sarcin
loop 2 and the ribosomal protein L6. The second one wouldFig. 2. (A) Minimized docking model showing the interaction of a-sarcin w
ribosomal proteins (blue) backbones are shown. a-Sarcin (red), D(7–22) mutan
as ribbon diagrams. The backbone of the SRL-mimicking oligoribonucleotide
a-sarcin and its mutant, respectively, 430D for the synthetic SRL, and 1JJ
interaction showing the SRL rRNA in cyan. Diagrams were generated as inoccur between the residues corresponding to the deleted distal
part of the b-hairpin and the ribosomal protein L14. These two
ribosomal proteins are immediate neighbours of the SRL and
are present in the three living phyla [39]. Indeed, L6 and L14
adopt essentially identical conformations in the ribosome as
in solution [42–44] even among diﬀerent species as B. stearo-
thermophilus, H. marismortui, E. coli, T. thermophilus, and D.
radiodurans [29,39,45]. These structural entities seem to suﬀer
the most substantial change when comparing the X-ray and
cryo-EM maps of the ribosome [29,39]. This change has been
attributed to the interactions with the 30S subunit as well as
to the aminoacyl-tRNA binding and it brings the SRL 3 0
and 5 0 ends closer to protein L14 [29]. Moreover, the location
of the L14 protein on the 30S subunit interface suggests that
this protein would be involved in inter-subunit ribosomal
bridges [44].
These model structures were used to identify the a-sarcin
amino acid residues located at less than 5 A˚ of distance from
the ribosomal proteins L14 and L6. Two groups of a-sarcinith the H. marismortui ribosomal 50S subunit. The rRNA (black) and
t (blue), and ribosomal proteins L14 (yellow) and L6 (green) are shown
is also shown in pink. (Protein Data Bank codes 1DE3 and 1R4Y, for
2 for the H. marismortui ribosomal 50S subunit). (B) Detail of this
Fig. 1.
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Lys-84 and Asp-85 in loop 2 and Asp-41 and Lys-43 in loop
1, which would contact Tyr-88, Ser-89, His-90, Phe-91 and
Pro-92 residues of the protein L6 (Fig. 3). It is also clear from
these models that a-sarcins Asp-41, Asp-85, and Lys-84 resi-
dues are involved electrostatic interactions. The two former
ones would interact with His-90 from L6, while Lys-84 would
contact Tyr-88 via a p–cation interaction. Indeed, Lys-84 side-
chain is properly oriented to be able to establish a hydrogen
bond with the backbone oxygen atom of Ser-89 from L6. As
expected, due to the conservation of the a-sarcin three-dimen-
sional structure [36], these interactions appeared to be pre-
served in the deletion mutant (Fig. 2B).Fig. 3. Alignment of fragments of protein sequences. The amino acid resid
ribosomal protein L14 are boxed in black. Those ones involving a-sarcin an
shown belong to ribosomes from Halobacterium marismortui (Hm), Methano
(Ec); Spinacia oleracea chloroplasts [So(Cl)], Chlamydomonas reinhardtii chlo
cerevisiae (Sc), Arabidopsis thaliana (At), Homo sapiens (Hs), and Rattus nor
and to those of H. marismortui in ribosomal proteins (.), Identical residues
Saccharomyces cerevisiae (PDB accession number 1N0V), b and t stand forThe second group of amino acids involved were Lys-11, Pro-
13, Lys-14, and Asn-16 (corresponding to the type I b-turn
connecting the two b-strands of the a-sarcin amino-terminal
b-hairpin) and established contacts with Gln-67, Asp-99,
Glu-100, Asn-101, and Arg-105 of the protein L14 (corre-
sponding to the beginning of loop 8 that connects b7 strand
with a1 helix) (Fig. 3). In this case, the most remarkable inter-
action appeared to be established via salt bridges between the
side chain of a-sarcins Lys-11 and residues Asp-99 and
Glu-100 from L14 (Fig. 4). It was also evident the possibility
of a hydrogen bond between the side-chains of Lys-11 and
Glu-100. Obviously, this second set of interactions was not
observed for the a-sarcin D(7–22) mutant (Fig. 2B) since theues corresponding to the interaction established between a-sarcin and
d ribosomal protein L6 are in grey. The ribosomal protein sequences
coccus vannieli (Mv), Bacillus stearothermophilus (Bs), Escherichia coli
roplasts [Cr(Cl)], Guillardia theta chloroplasts [Gt(Cl)], Saccharomyces
vegicus (Rn). Numbering corresponds to that of a-sarcin in ribotoxins
. In the comparison of a-sarcin and the EF-2 elongation factor from
b strand and turn, respectively.
Fig. 4. Surface electrostatic properties of the L14-a-sarcin-L6 com-
plex. Positive areas are represented in blue, negative in red, and neutral
in white. a-Sarcins Lys-11 residue, that establishes potential salt
bridges with L14 Asp-99 and Glu-100, is labelled in yellow.
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these observations and the fact that the D(7–22) mutant does
not cleave the SRL in intact ribosomes, it can be concluded
that the b-hairpin sequence essential for the ribotoxins speciﬁc
recognition of the ribosome would be that one corresponding
to a-sarcin residues 11–16. This region would mainly interact
with the region of H. marismortui ribosomal protein L14 com-
prised between residues 99–105.
Both groups of polypeptides, ribotoxins and ribosomal pro-
tein L14 (and their L23 counterparts in eukaryotic organisms)
represent families of highly homologous proteins. The interact-
ing regions of a-sarcin and L14 are conserved but show some
degree of variability (Fig. 3), especially regarding the L14 res-
idues involved (L23 proteins show sequences only distantly re-
lated to H. marismortui L14). This fact would explain the
distinct eﬃciency of ribotoxins against diﬀerent ribosomes.
a-Sarcin, for example, only produces the a-fragment on rat
polysomes if these are treated with 5 mM EDTA, while the ac-
tion on yeast ribosomes does not require the addition of this
chelating agent. Following the same logic, the concentration
of a-sarcin required for cleavage of 23S rRNA from E. coli
ribosomes is one order of magnitude greater than that needed
for degradation of eukaryotic ribosomes [9,17]. In addition,
ribotoxins seem to be especially eﬃcient in inactivating mam-
malian ribosomes. Unfortunately, the atomic structure of
eukaryotic ribosomes is still far from being solved, and the
only one with enough resolution to make the approach pre-
sented here, the 50S of H. marismortui, has never been assayed
with ribotoxins.
However, the especial conservancy of this region of the ribo-
some, the SRL and the surrounding factor binding site, makes
this interaction between the NH2-terminal b-hairpin of ribo-
toxins and loop 8 of ribosomal eukaryotic protein L23 feasible.
It is also important to remember that the proteins L6 and L14
seem to suﬀer the most substantial change in relative orienta-
tion during the diﬀerent steps of the peptide bond formationwhen comparing the X-ray and cryo-EM maps of the ribosome
[29,39]. This change has been attributed to interactions with
the 30S subunit as well as to the aminoacyl-tRNA binding,
and it brings the SRL 3 0 and 5 0 ends closer to protein L14
[29]. Indeed, the SRL stem from rat is one base-pair longer
than that from E. coli, presumably changing the spatial orien-
tation within the ribosome [6,7]. All these data indicate that
not only the sequences in contact, but also the structures and
their spatial location within the diﬀerent kinds of ribosome
are important in this interaction, something particularly true
for the case of ribotoxins, as it has been shown, here and in
previous studies [35,36] concerning their amino-terminal b-
hairpin.
Finally, reinforcing the present observations regarding the
crucial role of the stretch 11–16 of a-sarcin in ribosome recog-
nition, a homologous region can be found in the elongation
factor 2 (EF-2) from Saccharomyces cerevisiae [46]. The
NH2-terminal b-hairpin of a-sarcin, containing residues 11–
16, would have a counterpart in EF-2 that hence may be also
involved in ribosome binding (Fig. 3).
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